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Abstract

Lewis, Sh., Gacesa, P., Gil-Rodriguez, M.C., Valdés, F. & Frias, .
2008. Molecular systematics of the genera Laurencia, Os-
mundea and Palisada (Rhodophyta) from the Canary Islands -
Analysis of rDNA and RUBISCO spacer sequences. Anales Jard.
Bot. Madrid 65(1): 97-109.

The molecular systematics of Laurencia, Osmundea and Palisada
(Rhodomelaceae, Ceramiales) species from the Canary Islands
has been determined by analysis sequences of the ribulose,1-5,
bisphosphate carboxylase (RUBISCO) spacer from the plastid
genome and the internal transcribed spacers (ITS1 and ITS2) and
the rDNA 5.8S coding region from the nuclear genome. Com-
parison of sequence data showed an identity of 72-83 % be-
tween the species. Three taxonomic group were identified that
correspond to established phylogenetic taxons. Phylogenetic
trees using both parsimony and maximum-likelihood methods
were derived from the sequence data; the trees indicate that
O. pinnatifida appears to be the most distantly related species
from the Laurencia and Palisada species. The exact phylogenetic
position of Laurencia sp. A (“amarilla”) need additional studies.

Keywords: Laurencia, Osmundea, Palisada, Phylogeny, Canary
Islands.

Introduction

The Laurencia complex Lamouroux (Rhodophyta)
has been separate into five genera: Laurencia sensu
stricto Lamouroux, Chondrophycus Tokida & Saito,
Osmundea Stackhouse, Palisada K.W. Nam and
Coryneclaida J. Agardh, based on vegetative and re-
productive structures (Garbary & Harper, 1998; Nam
&al., 1994).

Resumen

Lewis, Sh., Gacesa, P., Gil-Rodriguez, M.C., Valdés, F. & Frias, .
2008. Sistemdtica molecular de los géneros Laurencia, Osmun-
dea y Palisada (Rhodophyta) de las Islas Canarias, basadas en la
secuencia espaciadora del RUBISCO y del rDNA. Anales Jard.
Bot. Madrid 65(1): 97-109 (en inglés).

Se aportan datos filogenéticos de algunas especies de Laurencia,
Osmundea y Palisada (Rhodomelaceae, Ceramiales) de las Islas
Canarias mediante el andlisis de secuencias de la regién espacia-
dora de ribulose, 1-5, bisfosfato carboxilasa (RUBISCO) del geno-
ma plastidico y las regiones espaciadoras internas (ITS1, ITS2) y
de la region codificadora del rDNA en el genoma nuclear. Los
tres géneros analizados, Laurencia, Osmundea y Palisada mues-
tran las correspondientes identidades moleculares con una iden-
tidad del 72-83% entre ellas. Empleando métodos de parsimo-
nia y maxima similitud, los correspondientes arboles filogenéti-
cos ponen de manifiesto que O. pinnatifida es el taxon més dis-
tante entre las especies de Laurencia y Palisada analizadas. La
posicion exacta del taxon mencionado como Laurencia sp. A
“amarilla”) precisa de estudio adicional.

Palabras clave: Laurencia, Osmundea, Palisada, Filogenia, Islas
Canarias.

The complex include red algae species of small to
medium size; they are spread worldwide except in the
Artic and Antarctic (McDermid, 1988). They are fre-
quently found in temperate waters, however they
make up an important part of the tropical and sub-
tropical marine flora (Saito, 1969; Diaz-Piferrer, 1970;
Lawson & John, 1982; Rodriguez de Rios & Saito,
1982; Cordeiro-Marino & al., 1983; McDermid, 1988;
Vandermeulen & al., 1990).
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Many authors have pointed out the problems of
identification presented in species from these com-
plex in the Atlantic Ocean (Saito, 1964, 1965, 1967;
Magne, 1980; Rodriguez de Rios & Saito, 1982;
Cribb, 1983; Gil-Rodriguez & Haroun, 1992, 1993;
Haroun & Prud’homme van Reine, 1993; Maggs &
Hommersand 1993; Herndndez-Gonzilez & al.,
1994; among others). At the same time, new combina-
tions and records, and new species were described for
the Laurencia complex (Wynne & Ballantine 1991;
Gil-Rodriguez & Haroun 1992; Furnari & al. 2001,
2002; Yoneshigue-Valentin & al. 2003; Klein & Ver-
laque 2005; Cassano & al. 2006). Recently, a morpho-
logical phylogenetic analysis of this complex was re-
ported but this complex, in Canary Islands, required
additional analysis in order to be correctly ubicated
into inequivocal taxons instead of some morphologi-
cal and physiological similitude.

Both, the small and large subunits of RUBISCO,
are encoded by the red algae plastid genome. The RU-
BISCO genes of Rhodophyta, Cryptophyta and Chro-
mophyta are co-transcribed (Zetsche & al.,1991) and
are separated by a small non-coding spacer region
(Fig. 1).

The RUBISCO “operon” has been extensively
studied in algae (e.g., Valentin & Zetche, 1990; Kono
& al., 1991; Hommersand & al., 1994; Pichard & al.,
1997). This spacer region has been utilized in taxo-

~ 100 bp

~ 110 bp

nomic and systematic studies of algae (Destombe &
Douglas, 1991; Goff & al., 1994; Stache-Grain & al.,
1997).

In addition to RUBISCO, the comparison of DNA
sequences of rDNA, has proved to be a useful system-
atic tool. rDNA consists of genes that encode for the
large (28S) and small ribosomal sub-unit RNA (18S
and 5.8S) plus transcribed and non-transcribed spac-
er regions. The intergenic spacer region (non-coding)
has evolved most rapidly while the coding regions are
the most evolutionary conserved sequences of the
cistron (Druehl & Saunders, 1992). Interspecific and
intraspecific sequence variation of these regions has
been examined in plants (Baldwin, 1992), fungi
(O’Donnell, 1992), diatoms (Zechman & al., 1994),
green algae (Coleman & al., 1994; Bakker & al., 1995),
ahermatypic corals (Beauchamp & Powers, 1996) and
red algae (Steane & al., 1991). rtDNA has also been
utilised for systematic and taxonomic studies of algae
(Goff & al., 1994; Rumpf & al., 1996; Stache-Grain &
al., 1997).

Goff & al. (1994) and Stache-Grain & al. (1997) ex-
amined the value of both the ITS and RUBISCO
spacer sequences in delineating relationships of pop-
ulations, species and genera in Gracilaria Greville,
Gracilariopsis Dawson, Ectocarpus Lyngbye and Ku-
ckuckia Hamel. They found that both were highly
conserved at species and population levels.

~ 140 bp

~ 350 bp

rbcL

Spacer

rbcS

Fig. 1. Plastid RUBISCO spacer region in red algae. Amplification primers are represented by the forward and reverse arrows.
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In this work we initiate a preliminary molecular
analysis of this complex group by means of the ampli-
fication and sequencing of the RUBISCO spacer and
rDNA internal transcribed spacers (ITS1 and ITS2)
including the intervening 5.8S coding region of the
nuclear genome of six species in the genus Laurencia,
Osmundea and Palisada. The results obtained were
used to derivate a phylogenetic tree that indicate the
molecular taxonomy between species.

Materials and Methods

Treatment of algal material and nuclear DNA extrac-
tion: Individual plants were collected from various lo-
cations (Table 1) in Tenerife and La Palma (Canary Is-
lands) and New Zealand. A voucher specimen from
each species from the Canary Islands used for sequenc-
ing and amplification were deposited in the La Laguna
University Herbarium TFC. Samples of Laurencia thyr-
sifera J. Agardh from New Zealand were provided by
Dr Ruth Falshaw (Industrial Research Limited, New
Zealand). Only algae that were visibly clear of epi-
phytes were used for DNA extraction. DNA was ex-
tracted from the apical parts of the thallus, frozen by
immersion in liquid nitrogen and stored at —20 °C.

For extraction and amplification of plastic DNA
fresh/frozen thallus (5 g) was suspended in 15 ml of
100 mM Tris-HCI (pH 8.0) containing 50 mM EDTA
(pH 8.0) and 0.5 M NaCl to which 10% (w/v) SDS
was added. Ribonuclease A (0.15 mg) and Proteinase
K (1.5 mg) were added to the sample and the tube in-
cubated at 37 °C for 1.5 h. DNA was isolated by phe-
nol and chloroform / isoamylalcohol (24:1 v/v) pre-
cipitation and extracted in cold absolute alcohol.
Plastid, nuclear and mitochondrial DNA was isolated
by differential centrifugation in caesium chloride /
Hoechst (33258) dye density gradient at 174,000 x g
for 16 h.

Table 1. Laurencia, Palisada and Osmundea species and loca-

tions.
Species Location Herbarium
reference
L. viridis Fajana de Barlovento | rre oy - ggg)
(La Palma)
L.sp. A ] .
M - Paraiso Floral (Tenerife) | TFC Phyc. 9880
("amarilla™)

P. cf. perforata | Paraiso Floral (Tenerife) | TFC Phyc. 9884

Fajana de Barlovento

P. perforata (La Palma)

TFC Phyc. 9883

O. pinnatifida Pto. de la Cruz (Tenerife) | TFC Phyc. 9881

L. thyrsifera Hokianga (New Zealand)

RUBISCO DNA Amplification: The RUBISCO
spacer was amplified using forward primer: *TGTG-
GACCTCTACAAACAGC and reverse primer: *CC-
CATAGTTCCCAAT. The reactions were performed
after initial denaturation at 95 °C for 10 min. The sam-
ples were then cycled sequentially using a tempera-
ture regime of 95 °C/5 min, 90 °C/1 min, 50 °C/2 min
(5 cycles); 72 °C/1 min; 90 °C/1 min, 60 °C/1 min, 72
°C/1 min (30 cycles); 72 °C/10 min.

rDNA Amplification: Target regions of rDNA were
amplified using forward primer: "GTTTCCGTAG-
GTGAACCTGC and reverse primer: "ATATGCT-
TAAGTTCAGCGGGT. The reactions were per-
formed after initial denaturation at 95 °C for 10 min.
The samples were then cycled sequentially using a
temperature regime of 94 °C/1.25min, 60 °C/2min
and 72 °C/4min repeated for 30 cycles followed by a
final period of 72 °C/10 min.

Cloning of purified PCR products: Purified PCR
products (Qiagen gel extraction kit) were ligated us-
ing the pGEM-T vector system (Promega) according
to the company’s instructions. These ligated products
were transformed either by a heat shock method into
E. coli X1 or electrophorated using electro-compe-

tent E. colz JS5 high efficiency cells (Bio-Rad).

Sequencing of plasmid DNA: Chain-termination se-
quencing of purified PCR products was performed
using the USB Sequenase™ Version 2.0 kit according
to the company’s protocol. Some clones were se-
quenced using forward and reverse M13 primers la-
beled with fluorescein (Pharmacia LKB), using a
Pharmacia LKB Automated Laser Fluorescent (ALF)
DNA sequencer and others sequenced using a Hy-
baid LI-COR 4000LS infra-red automated sequencer.

Analysis of sequence data: Sequence data were ana-
lyzed using the UWGCG (University of Wisconsin
Genetics Computer Group, Version 7.1 UNIX, Dev-
ereux & al. 1984) package at Daresbury. Alignments
of sequences were produced using GAP, which uses
the algorithm of Needleman. The default parameters
used were “Gap weight” (penalty for introducing a
new gap): 1.0 and “Gap length” weight (maximum
length of internal gaps): 0.1. Phylogenies were recov-
ered using PHYLIP package (version 3.5¢) (Felsen-
stein, 1993). The branch and bound algorithm
(DNAPENNY) was used to find the most parsimo-
nious tree and a phylogeny was also recovered by
maximumd-likelihood (DNAML). Bootstrap values
were calculated for each tree using additional routines
in the package (SEQBOOT, CONSENSE).

DNA sequences showed in this work are deposited
in the GenBank with the following accession num-
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Table 2. Sizes and percentage identity of the rbc spacers in the genera Laurencia, Palisada, Osmundea, Antithamnion and Graci-

lariopsis

Species Length (bp) 1 2 4 5 6 7 8

1. L sp. A("amarilla”) 109 - 73.2 80.9 81.7 75.8 79.8 73.2 62.1
2. O. pinnatifida 112 73.2 - 75.7 80.8 80.6 68.4 66.3
3. L. viridis 109 80.9 77.3 95.4 72.5 83.0 65.3 72.0
4. [. thyrsifera 108 81.7 75.7 95.4 - 70.9 81.7 70.8 72.0
5. P. perforata 103 75.8 80.8 72.5 70.9 - 72.0 67.7 69.1
6. P. cf. perforata 93 79.8 80.6 83.0 81.7 72.0 - 72.4 69.2
7. Antithamnion sp. 99 732 68.4 70.8 67.7 72.4 - 71.9
8. G. lemaneiformis 107 62.1 66.3 72.0 72.0 69.1 69.2 71.9 -

bers: AF081268-AF081272 and AF082340-
AF082344.

Results

Amplification of the RUBISCO spacer using
primers conserved for the 3’ end of the rbcL and the 5’
end of the 7bcS genes (Fig. 1) produced products
ranging in size between 350-375 bp depending on the
Laurencia, Osmundea and Palisada species. The se-
quence data revealed a spacer region of 93-112 bp in
all of the Laurencia, Osmundea and Palisada samples
analyzed (Table 2).

Although the spacer is a non-coding region there is
quite a high percentage identity amongst the Lauren-
cia Osmundea and Palisada samples (72-83%) and
L. viridis and L. thyrsifera have 95% identity. Addi-
tional comparison with spacer sequence from the far
related genera: Gracilariopsis lemanetformis (Bory
de Saint-Vincent) Dawson, Acleto & Foldvik and
Antithamnion sp., in order to compare the Lauren-
cta, Osmundea and Palisada differences, showns an
equivalent 62-73% of identity. Multiple alighments
of these sequences were produced using CLUSTALV
(Fig. 2).

There are no insertions / deletions in the coding re-
gions of rbcL. and 7bcS but there are point mutations
with approximately equal numbers of transitions and
transversions. Of the 379 alignable positions (Fig. 2)
94 were possible phylogenetically important locations
and over half of these were in the non-coding spacer
region (i.e. 55/118 positions = 46.6% informative
variability in this region); nine informative positions
occurred in the rbclL (9/105 nucleotides = 8.6% vari-
ability), and 31 occurred in the 7b¢S region (31/156
nucleotides = 19.9% variability).

The length of the ITS regions and 5.8S rDNA is rel-
atively well conserved in the Laurencia species. ITS1 is
of similar size in all the species studied (160-170 bp)

with the exception of O. pinnatifida (211 bp). The lat-
ter species produced the largest amplification prod-
uct and the increase in size resulted from insertions
into ITS1 (Fig. 1). There is less variation in the length
of the ITS2 regions than ITS1 of Laurencia (202-222
bp) and ITS2 is larger than ITS1 in all of the Lauren-
ciza and Osmundea species examined. The percentage
identity of the sequence data obtained from each re-
gion of these amplified products was calculated using
GAP (UWGCG, Daresbury) (Table 3).

There is a high percentage of identity within the
species in all three regions. The identity in the ITS1 is
the lowest in all the species with values ranging from
70.3-97 %, while the identity in the ITS2 is slightly
higher at 74.1-98.2%. The 5.8S has the highest per-
centage identity amongst the Laurencia and Os-
mundea where L. viridis has a 100% identity to L. sp.
A (“amarilla”). Sequence data of the 5.8S coding re-
gion of the Laurencia and Osmundea species were
compared with each other and with the 5.8S data of
Gracilariopsis lemaneiformis (Bory de Saint-Vincent)
Dawson, Acleto & Foldvik which was used as an out-
group (data kindly supplied by Dr. Lynda Goff,
UCSC), and the identity calculated using GAP (Table
4). The multiple alighments of these sequences as pro-

duced by CLUSTALV are shown in Figure 2.

Table 3. Percentage identity of ITS1, 5.8S and ITS2 sequences.

Species length (bp), % Identity

ITS1 5.85 ITS2
L. sp. A("amarilla”)| 536 100 100 100
L. viridlis 537 84.2 100 92.9
P. perforata 521 97.0 98.7 98.2
P. cf. perforata 543 85.5 97.4 88.1
L. thyrsifera 544 72.5 96.8 84.7
O. pinnatifida 579 70.3 91.5 74.1
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Table 4. Percentage identity matrix of the 5.8S coding region.

Species 1 2 3 4 5 6 7
1. L sp. A("amarilla”) - 100 98.7 97.4 96.8 91.4 73.9
2. L. viridis 100 - 98.7 97.4 96.8 91.4 73.9
3. P. perforata 98.7 98.7 - 97.4 95.5 90.8 72.5
4. P. cf. perforata 97.4 97.4 97.4 - 95.5 91.4 73.2
5. L. thyrsifera 96.8 96.8 95.5 95.5 - 91.4 75.2
6. O. pinnatifida 91.4 91.4 90.8 91.2 91.4 - 76.9
7. G. lemaneiformis 73.9 73.9 72.5 73.2 75.2 76.9 -
S5’end
20 40 60
L. sp. A (“amarilla™) TGTGGACCTCTACAAACAGC ATTAGACTTATGGAAGGACA TTACATTCAACTATACTTCT
O. pinnatifida ... e T.ooo... AT, ....... TeiTeeniennn
L. viridis e e Teviinnnn BT e e
L. thyrsifera i e T.Cooovn - S
P. perforata ... AL Tooiiann. G..... AT, ....... Guovieeee e
P. cf. perforata ... il Lo Tevvenn.. R P
Antithamnion sp.  ..... s Townn. TC.oenn . A..T. ....u.. Te T
G. lemaneiformis ... ... .. ... T..... O A..T. ....... P
+++++ e+ o+ b+ A4+ +4++++ ++ + Ft++++ ++ A+
bcL end 120
«|
L. sp. A (amarilla) ACAGATACTGCTGACTTTGT AGAAACTCCAACAGCTAATG TTTAAATCAAACAAATAATA
O. pinnatifida ..., .. A..... T..... B PR T.C..T.-.
L. viridis ..., At e Govr e T...CCG..
L. thyrsifera ..., ColB i i Gevir e T...CCG..
P. perforata i e L G-T.-G.--..
P. cf. perforata  ........ B e e Xeoonn T.G..TG..
Antithamnion sp.  ........ B C. .A....AT.TTT.C..CG.-
G. lemaneiformis ~ ........ Ao, Tt G.... .B..G...-TTTTC.TCT..
+++++ ++ A+ ++ ++ 44 FbEEE+ F+ F+ + + + +

Fig. 2. Aligned sequences of the RUBISCO spacer and its flanking regions. Sequences were aligned using the CLUSTALV program.
Dots denote the same nucleotide as that of Laurencia sp. A (“amarilla”) in row one, a * denotes the same nucleotide in all the species,
a x represents unknown nucleotides and a hyphen represents a gap with the exception of L. viridis where for positions 248-375 the se-
guence is not known. The stop and start codons of rbcl and rbcS respectively are highlighted as are the Shine-Dalgarno sequences.
Antithamnion sp. is used as an outgroup and the forward and reverse primers are underlined.
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180

L. sp. A (“amarilla”) AGCATTC--~---- ATTATAT TTCAATGTTAATTTTGCACT TACGTAAAGTCGCATTAGAA
O. pinnatifida CAT...ACAAAAC.AG...A .CT...A.C....C....T. .-T.C.G.A.T.A....T.-
L. viridis AL B — ..GG...A.C....A..T. T.T..GA.A...C.....
L. thyrsifera B P ..GG...A.C....A..T. ..T.T...A.AT..C.....
P. perforata .AT.A.ATTTAAC. .ATCTG .CT..A.CA---...A--- LLAAL L L. T.A--..A.G
P. cf. perforata TA.....-~==~~ ALLC. L T.Gl s m e e C...A.TA..... A..
Antithamnion sp. --T....TTTA----CG.G. ....-C..A.G...A.TGAA ..T-C...A.----.C.AGC
G. lemaneiformis .TTC..ATATTTC..AG.GG .AT----T..T....A---. ..TTC.TGA.AAA.A..T..

+ + + + + +
rbcS start 240
[
L. sp. A (“amarilla™) ATTCTTAAACAAGATTAATC -ATTAATAAGGAGTATAGATA AGTGAGATTAACACAAGGA
O. pinnatifida GC.T....CTu.vvnn... e e e T.
L. viridis GC...... CTevvvnnnn.. e e e e
L. thyrsifera GC...... CT.evevnnn.. - B
P. perforata TCAAC...CA.......... e Cue e
P. cf. perforata GC....G.CT......... P
Antithamnion sp. T..AA...TT--.C....C. =..C.-...tuen.. C.A.AT ....... Coviiieeea
G. lemaneiformis TCC..... CA..T.CAGCAA C..T.~-......... CTT.AT teie e aeeeaeen
+ + +++ +++++H+++4 + +++++++ ++++++++H++
Shine-Dalgarno

Fig. 2. (Continuation).

Phylogenetic analysis of the data from RUBISCO
and rDNA were carried out using both parsimony
and maximum-likelihood methods. The phylogenetic
trees produced for the different regions using both
methods were similar and indicated that O. pinnatifi-
da was the most distantly related of the Laurencia and
Osmundea species (Fig. 3a). The phylogenetic trees
from the sequence data for the ITSs and 5.8S se-
cuences, and using G. lemaneiformis as the outgroup
shown similar results and indicated that O. pinnatifida
was the most distantly related of the Laurencia and
Osmundea species (Fig. 3b).

Discussion

Amplification of the RUBISCO spacer and its
flanking coding regions from the Laurencia, Os-
mundea and Palisada species studied produced a sin-

gle product of approximately 350-375 bp in length.
The non-coding spacer region in these species ranged
between 93-112 bp, which are within the range re-
ported for RUBISCO spacers from other algae
(Destombe & Douglas, 1991; Goff & al., 1994). In ad-
dition, amplification of the ITS1, 5.8S and ITS2 re-
gions in the nuclear genome gave consistently repro-
ducible results similar to those found for other red al-
gae (680-1450 bp) as examined by Steane & al. (1991).
In that study, DNA from the Australian alga Laurencia
filiformis (C. Agardh) Montagne was amplified and
the product was similar in size to the Laurencia and
Osmundea species studied in this work. Even though
the size differences of the PCR products within the
Laurencia and Osmundea species studied here were
quite small, (~ 5-50 bp), this was sufficient to distin-
guish between them.

The comparison of the sequence data obtained
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L. sp. A (“amarilia™)
O. pinnatifida

L. viridis

L. thyrsifera

P. perforata

P. cf. perforata
Antithamnion sp.

G. lemaneiformis

L. sp. A (“amarilla”)
O. pinnatifida

L. viridis

L. thyrsifera

P. perforata

P. cf. perforata
Antithamnion sp.

G. lemaneiformis

300

ACTTTTTCCTTTTTACCTGA CCTAACTGATGAACAAATTAA AAXTCAAAGTAACTACGCT

............................. Cooviviin .AA...GTAG.A..T...
............................. C........C.. ..AG....TAG.A.....A
........ G...C.o....ov Lo o Cllin o ..AGTC..T..CA......
............................. Covni A.....TAG.T......
........... 1 A AA..G.T.GCA.....A
.............. G..A. P N R &4 T.AG..G.T.G.A..T..A
B T S T T o e T ++ ++

360

AGATTCTAXXXCTGGGCAAT TAATATTGAATATACHGACG ATCCACATCCAAGAAACAAC

TC.XALAAAAT. . LGXXX. oo A..T. ..... GX.C.X..C..... T
LT..CTC.AAAT. .. ... .. Ao A..T. i T..T
P:9:0.0:0.9.0.9.9.0.0. QRN T..... T..T. i T.

GTOCAATAG. Lo e G..C.CA..T. ..t GT
.GT...AC.AAA........ C..C....... T..CT..T.. ...G........... T...
.TT.CAA.AGG....T..G. A.... ... .. ....... A.. ..., C...C.T..T.A.

+H+ F+ A+ At ++ +4+ A+t o+ 4+ o+

Fig. 2. (Continuation).

L. sp. A (“amarilla”™)
O. pinnatifida

L. viridis

L. thyrsifera

P. perforata

P.cf. perforata

Antithamnion sp.

shows a relatively high percentage identity of the spac-
Tend er region between the Laurencia and Osmundea
species (72 - 83 %) and across other genera (62.1-73.2
%) even though it is a non-coding region. Laurencia
viridis and L. thyrsifera have very different geographi-
cal locations (Tenerife and New Zealand respective-
ly), but still have a high sequence similarity for this
spacer (95.4 %). The two species are morphologically
very similar with the exception that L. vzridis is green
in color and L. thyrsifera reddish/purple. This high
degree of conservation of primary sequence of the
RUBISCO spacer has been noted in other algae
(Valentin & Zetche, 1990; Destombe & Douglas,
1991; Goff & al., 1994; Stache-Grain & al., 1997) and
it has been hypothesized that this conservation of se-
quence is as a result of the secondary structures in the

377

TATTGGGAACTATGGGG

................

+httttbrt+ FHEEt

Fig. 2. (Continuation).

plastid spacer perhaps having a role in tRNA matura-
tion (Destombe & Douglas, 1991). The AT content
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(@) (b)
G. femaneiformis G. lemaneiformis
74
Antithamnion sp 100 O. pinnatifida
Q. pinnatifida L. thyrsifera
94 22 P perforata 86
75 L. viridis
45 P cf perforata
L. sp. A (“amarilla™)
91
88 L L sp. A{amarilla”)
L. thyrsifera P. parforata
L viridis 100

P. cf. perforata

Fig. 3. Phylogenetic tree result from the DNAPENNY analysis of the RUBISCO spacer and its flanking coding regions (a) and of the ITST,

5.8S and ITS2 regions (b).

for the spacer in the Laurencia, Osmundea and Palisa-
da species ranges between 76-80%, which is similar to
other algal species as Cryptomonas sp., Olisthodiscus
luteus and Pylaeilla littoralis (Goff & al., 1994; Dou-
glas & Durnford, 1989; Delaney & Cattolico, 1989;
Assali & al., 1991).

Towards the 3’ end of the spacer in all the Lauren-
cia, Osmundea and Palisada species examined, there is
a purine rich sequence (" AAGGAG *), correspond-
ing to the ribosome binding site (Shine & Dalgarno,
1974), upstream of the rbcS coding region. This se-
quence, which has been found in all algae studied so
far, contributes to the high conservation of the spacer

region (Destombe & Douglas, 1991). The initiation
codon of the 7b¢S in these algae GTG (GUG) is a se-
quence used at only 3-4% of the frequency of AUG in
bacteria (Reddy & al., 1985). The open reading
frames (ORF’s) of rbcL. and rbcS from the sequence
data obtained from the algae were compared and
there is a high percentage identity of these regions in
all the algae with no insertions or deletions of bases
(Fig. 4). There are equal numbers of transitions and
transversions overall but there are a higher number of
substitutions in the 75¢S than the rbcL, a situation also
observed by Goff & al. (1994).

Analysis of the multiple alignment of the RUBIS-

rbcL

rbcS

L. sp. A (“amarilla”) CGPLQTALDLWKDITFNYTSTDTADFVETPTANV VRLTQGTFSFLPDLTDEQIKXQSNYAR

O. pinnatifida e ; ST K.VE..X
L.viridis ..o oo Lttt

L. thyrsifera ..., = Spacer region  ......... ... ... ..... K.IE..I
P. perforata P L. X e KSIT..X
P. cf. perforata e e N.ID..I
G. lemanaeiformis ...

ARIthamnion SP. . e e e K.IA..V

B I o e A e S o R o o O +H++ bbbt

Fig. 4. Aligned sequences of ITS1, 5.8S and ITS2 regions from Laurencia and Osmundea species. Sequences were aligned using the
CLUSTALV programme and in some areas adjusted by eye. Dots denote the same nucleotide as that of Laurencia sp. A (“amarilla”) in
row one, a * denotes the same nucleotide in all the Laurencia and Osmundea species, a hyphen represent a gap while a x represents
an unknown nucleotide. The 5.8S coding region is highlighted in bold. Lower case letters at the beginning and end of the alignment
represent the 18S and 28S coding regions respectively. The forward and reverse primers are underlined.
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L. sp. A (“amarilla”) FXXWAINIEYTDDPHPRNNYWELW
O. pinnatifida XKN.XX........ XXT.......
L. viridis

L. thyrsifera SON....... S
P. perforata XXX e et e e e
P. cf. perforata SNS. ...t S.....
G. lemanaeiformis

Antithamnion sp. SON...... Foiii i iiienn

Fig. 4. (Continuation).

CO spacer sequence data by maximum-likelihood
(Fig. 3) indicates that the Laurencia, Osmundea and
Palisada species appear to split into two branches with
L. viridis and L. thyrsifera grouped together and O.
pinnatifida, P. perforata, P. cf. perforata and L. sp. A
(“amarilla”) forming the other. The evolution of the
two spacers at different rates was also seen in the two

closely related Gracilariales genera Gracilaria Greville
and Gracilariopsis Dawson (Goff & al., 1994). Even
though the plastid and nuclear spacers studied in the
Laurencia, Osmundea and Palisada species have simi-
lar percentage identities (72-95.4% and 70.3-98.7%
respectively) the RUBISCO spacer is quite highly
conserved across genera, Our results confirm the po-
sition of Palisada cf. perforata in the taxon P, perforata.
In addition, Laurencia sp. A (“amarilla”) is separated
from Osmundea but close to Palisada, these results are
different to found in the “classical” morphological ap-
proach. Additional analysis is necessary to evaluate
the exact taxonomical positions of these groups.
With respect to the nuclear sequences, we found
that with the exception of O. pinnatifida, the ITS
length ranged between 160 and 170 base pairs for
ITS1 while ITS2 was larger by 37-62 base pairs, re-
sulting in lengths between 202 -222 base pairs (Fig. 5).
This greater length for ITS2 is seen in other red algae
such as species of Gracilariopsis Dawson and Gracila-
ria Greville (Goff & al., 1994). The comparison of se-

O. pinnatifida

* * *

ITST 5’end
10 20 30 |-> 40 50 60 70
L. sp. A (“amarilla”) gtttcegtag gtgaacc-tg cggaaggatc attgAAACCG ATCAAACCAC CC----ACAG CGAACT-G-G
L. viridis o e e e ©e . TT.... AA-—--C... ..... Cc----
P. perforata ... ... e e e C-A-.
P. ct. perforata a..a...... tg..... Gt e e i e e cc. -
L. thyrsifera ... ... e e Acmmmmie -C.-.
O. pinnatifida ... ... e e A T.GTGC.... T.GTGA..C. .A...CC.TA
*k kok ok ok ok ok LEEEE R LRSS EEE SRR EEEEEE RS * * Kk kk * k * *k*
140
L. sp. A (“amarilla”) CGGCCCGGGG C------- CC CTGCGCTCCG GCTG------ ---- CC---- CTGGCAGTCC AAX-X-----
L. viridis A---AAA. G------- GG STC.====== === mmmm —o c.cT C-C-----
P. perforata ... ... O R e S C-C-----
P. cf. perforata ..... TGG-. .------- TTA......G. ....--—=== -—--- Cemmm CT ..CTC-----
L. thyrsifera N o T .T G.A.-.GGGC ..G.---=-= --=-~ O TCTT T.GTC-----

...... .T..ATGGTG GGGA..GTCA .C...G.GTC GCTCCAARAGG

210
L. sp. A (“amarilla”) -CCCGGCGGC CGCTAGCCCC GCCGG-ATTT TT-TTTCCCC AC--AXCCAA AGCTTCGGCC CTGAACTGTT
L. viridis A T
P. perforata SR X e m e e - T
P. cf. perforata - B T Xo- ..--G-- G.G...T.A. .G...T.C
L. thyrsifera PN SIS < D el e e T.C..T.AA ..... TCCA
O. pinnatifida GIT...G..G .AGGGC.TCT .AG.ACA.AC C.G...TT.. ..CAGA.... .CTG.TT.T. TAA.G..TGA

**k % * * * * * *  kkk * * %k * k k * * *

* * * * ok

Fig. 5. Aligned sequences of rbcl and rbcS regions from Laurencia and Osmundea species. Sequences were aligned using the

CLUSTALV programme same that figure 4.
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L. sp. A (“amarilla”)
L. viridis

P. perforata

P. cf. perforata

L. thyrsifera

O. pinnatifida

L. sp. A (“amarilla”)
L. viridis

P. perforata

P. cf. perforata

L. thyrsifera

O. pinnatifida

L. sp. A (“amarilla”)
L. viridis
P. perforata

[N 280
ATCGTACGGA --CACCGCCC GGCGACTCAA CCGAGATAAC TCTCAACAAC GGATATCTTG GCTCTCGCAA
......... G -- .G. .G S e e i i ieaan aeeeeeaees aaesessees seseesseae
......... G —— G e X i es deeeeeeese settseaasa seaaasecaa
...... AA.G --.C..... T C......... T c f e e acecae sasesaases sasecsseas
-..TCG.A.G -~-....... T C.A.T..... T Gttt i ittt ittt ctiaeansses ssnseasans
CGT...T..G GC.T..C.GT C...... - AR, .. C.ie ttiiiettte soesnsteas cemeanaaan
* * ok ok * k% K kkk hhkk KhkhkAEAhkhkrEt dhkkkhkkkhdhk *hkhkrdkhkhk
350

CGATGAAGAA CGCAGCGAAA TGCGATACGT AGTGTGAATT GCAGAATTCC GTGAATCATC GAATCTTTGA

*hk kkkkkhdk hhhAdkdhkh RAdAAIAIER hhIhk hhkk KA A RIh kA hd hh kA d Ak hdh ok rhhhhhkodd

5.8S end

| 420
ACGCACATTG CGGTCGAGGC TTCGGCCGAG ACCACGCCTG CCTCAGCGTC GGAATACACC CTCAATCCCC

.............................. B
P. cf. perforata  ..... Dt e e B c..
L. thyrsifera ... LLiil... B N Tore ettt e -C
O. pinnatifida ~  ..... Teeer «2veG.T.Co 2u-o T-ATC ....T.Teur vuvnnn. T.. ...G...C.. ....CC....
dhkhkdkk hhkdkdk whkkk * * Kk *k kk Ak % Kk hhkok hkkhkhdk kk khkh Khkk Kk Ak Ak * % %k k
Fig. 5. (Continuation).
490
L. sp. A (“amarilla”) TCCCCCGGAC ACTGGACGGT GGAGCGGGCT TGGAACTGGC CTCC--CGGT GGCGCGTACC GCACCGGGCT
L.viridis ool oo B < e T e R TC
P. perforata ... ... L. e e e G. Covnnn
P. cf. perforata A.T.... TC.AAAT. ...A...... «unniiennnn T...C-.... ...ATCGCX. C.........
L. thyrsifera  ~ ------- ..T ..C..GA... ...G.---mm ———m-- S... ...GC-...C ..TT..--.. C.G....C..
O. pinnatifida C.T...CTC. .AG..G.A.- .AGT....-- ....C...A. .C..CG..-C ..----..AAA.G....-.C
* * x o x s xx * xxkx
560
L. sp. A (“amarilla”) GGCTGAAGAT CAGAGGCTCC CGCACG-ACC CG-TCGAGGC CG--CGGTTA GGTAGGTGGC ATCGCTACTG
L. viridis i - Xe'ornnn. e e X e
P. perforata ... . ... L o0 il - G e e e
P. cf. perforata ... Lo Lol - A-.TAC e e
L. thyrsifera ... .0 .. Cov v G A-A..T e e T.. - A
O. pinnatifida T - Gl A.-- G.XG..GC.T TGA.T.GC.. ..GCTA.G.. ....... A.T C.GA.T...C
*k kikkkk ok *kkkk * * % * * Kk kh * kk KkkkkkKk * * * kk*k
ITS2
] 630
L. sp. A (“amarilla”) CTAGCTGGAG GCCGGGTACT GCTGGC--AG CCCGCAGG.T CTATTC-GTT CATCGACCTG AGTTCAGAcg
L. viridis ... Kever ennnn C..G CGC...GG.. uvurunnnn A.TC.A-ACA .o cnoennn. G..
P. perforata ... ... Toer el e e <
P. cf. perforata ... ... TA. .Teoo--Ben oo, A ...... N
L. thyrsifera ... Covee e AC.G AGC.C.GGG. .......... AC....CACA .......... LL.T..G..
O. pinnatifida .-..C.-.. ...TT.AGGA CGT.T.GTGT ........ AA ACCACTCTC. TC....A... ....G..G.a
*k Kk *k kk kkk * * *kkkkhk kA khkhkk *hkk khkhkk kk ¥

Fig. 5. (Continuation).
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656
L. Sp. A (“amarilla”) aggctacceg ctgaacttaa gcatat
L.viridis o
P. perforata - ... ..o .

P. cf. perforata
L. thyrsifera
O. pinnatifida

dkkhkokokoddkokdk kokkokkokokokkk ok okok ok ok ok

Fig. 5. (Continuation).

quence data obtained for each species of Laurencia
and Osmundea shows a relatively high percentage
identity within each of the three ITS/5.8S regions.
Where differences between sequences occurred, 63 %
of the changes were substitutions. ITS1 was more
variable than ITS2, with 52.2% variable positions
compared with 42% in ITS2. Furthermore, nu-
cleotide deletions, which accounted for 37% of all
differences, were most common in ITS1. Baldwin

(1992) reported that overall, ITS2 sequences were
usually less variable than ITS1 sequences in some
members of the Asteraceae, but there is also docu-
mentation to the contrary (Zechman & al., 1994;
O’Donnell, 1992). Zechman & al. (1994) reported
that in Stephanodiscus clones (diatoms), the ITS1 had
7.02% variability including insertions/deletions)
while the ITS2 had 8.85% variability; however, this
difference is not great considering that these are spac-
er regions.

The 5.8S coding region has the highest similarity
between species which might be expected as the se-
quence is more likely to be conserved than the non-
coding internal transcribed spacers (Table 3). The de-
gree of identity of the 5.8S between the genera Lau-
rencia and Osmundea (91.7-99.3 %) is consistent with
values for the percentage identity within the genus
Gracilaria of 94-98.7 %, the lowest identities being be-
tween O. pinnatifida and the Laurencia species (Table
4). Hence, the 5.8S is highly conserved within a genus
but less so between genera. However, the non-coding

5.8S L. sp. A (“amarilla”™)
5.8S L. viridis
5.8S P. perforata

TAACTCTCAACAACGGATATCTTGGCTCTCGCAACGATGAAGAACGCAGCGAAATGCGAT

5.8S P. cf. perforata G e e e e e e e P
5.8S L. thyrsifera o Ao
5.8S O. pinnatifida o
5.8S G. lemaneiformis Co.... GT...GCT G...C..T..CTA..T............ T...A..C......

% %k Kk ok * k Kk dkhkhkk khkk hok ok xk *k kk Khkkkkkkkk kkk kk kkkkkk

5.8S L. sp. A (“amarilla™)
5.8S L. viridis
5.8S P. perforata

5.8S P. cf. perforata T
5.8S L. thyrsifera ... B
5.88 O. pinnatifida Tenn.. G
5.88 G. lemaneiformis ... A..CG........ C-.CT. e, b N AC..... c

5.8S L. sp. A (“amarilla™)
5.8S L. viridis

oKk ok ok Kk ok ok *

5.8S P. perforata ..., Xooon. B
5.8S P. cf. perforata ... .. Bt
5.8S L. thyrsifera ... P b
5.8S O. pinnatifida T.C...n . T-ATC....T.T.......... T
5.8S G. lemaneiformis C..G.AA.C...TG.G..T.T...TT.G..T

Fig. 6. Multiple alignment of 5.8S sequences produced by CLUSTALV. A dot denotes the same nucleotide as that of Laurencia sp. A
("amarilla”), * represents the same nucleotide in all seven species, a hyphen represents a gap and a x represents an unknown nu-

cleotide.

Anales del Jardin Botanico de Madrid 65(1): 97-109, enero-junio 2008. ISSN: 0211-1322



108 Sh. Lewis & al.

regions displayed a comparatively high degree of sim-
ilarity between species implying that there may be
constraints on these regions as well.

The multiple alignment of the 5.8S sequence data
of the four Laurencia species (Fig. 6) shows that the
majority of the differences in sequence are towards
the 3’ end of the coding region. This concurs with re-
sults from other genera in which the 3’ region of 5.8S
is less conserved than the 5’ end (Steane & al., 1991,
based on Mindell & Honeycut, 1990). It is interesting
to note that in Osmundea pinnatifida the 5.8S coding
region ends in the sequence TTC rather than GTC
which is seen in the Laurencia species, as well as the
majority of red algae.

In conclusion, the phylogenetic trees derived from
the plastid and nuclear sequences of the Laurencia,
Osmundea and Palisada species were different, which
would imply that the three genomes are evolving at
different rates (Goff & al., 1994). However, all of the
trees and sequence data do indicate that O. pinnatifi-
da has the least similarity to the Laurencia species and
hence is the most distantly related. Nam & al. (1994)
proposed that O. pinnatifida, along with certain
other Laurencia species, should be moved from
the genus Laurencia into the resurrected genus Os-
mundea. The data presented here would support this
proposal.
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